Purpose: This phase I study assessed the maximum tolerated dose (MTD), safety, tolerability, pharmacokinetics (PK), and pharmacodynamics (PD) of SJG-136, a sequence-specific DNA cross-linking agent, in patients with advanced cancer.
Introduction
SJG-136 (NSC 694501) is a synthetic pyrrolobenzodiazepine dimer that exerts antitumor activity through DNA targeting (Supplementary Fig. S1 ; refs. 1-3). The 2 imine moieties of the molecule react with N-2 positions of the guanines on opposite DNA strands, forming sequencespecific cross-links with a preference for 5 0 purine-GATCpyrimidine sequences. In 3-dimensional structures, SJG-136 binds in the minor groove of DNA causing minimal helix perturbation (3) . The cytotoxic DNA interstrand cross-links form rapidly in cells and persist longer than those produced by other cross-linking agents (4, 5) . In a COMPARE analysis of 60,000 compounds in the National Cancer Institute (NCI) anticancer drug screen, SJG-136 did not fit within clusters of any known DNA-binding agents, suggesting a distinct mechanism of action (5) .
SJG-136 has shown potent activity in a range of cell lines and tumor xenograft models (5, 6) . Growth inhibition of sensitive cell lines (e.g., NCI-H522, HL-60, and Molt-4) was achieved at subnanomolar concentrations (5) . SJG-136 was also cytotoxic in cell lines resistant to other DNA-interactive agents, including human ovarian cancer cell lines resistant to cisplatin (5) . In xenograft models, DNA cross-links were detected in vivo in tumors at 1 hour after intravenous administration of SJG-136 and persisted over 24 hours (5) . In athymic mice bearing various xenograft tumors, SJG-136 treatment caused significant growth delays ranging from 32% to 575% and tumor-free responses, particularly in glioma and melanoma and, to a smaller extent, in breast and ovarian carcinomas (6) . In rodents, intravenous bolus administration of SJG-136 for 5 consecutive days conferred the best efficacy (6) . In a recent phase I study of SJG-136 in patients with advanced solid tumors, the maximum tolerated dose (MTD) was 45 mg/m 2 every 21 days on a 3-weekly schedule; however, significant toxicities including vascular leak syndrome, liver toxicity, and fatigue were observed (7).
Here we report findings from a phase I clinical trial of SJG-136 in patients with advanced cancer designed to assess the MTD, safety, tolerability, pharmacokinetics (PK), and pharmacodynamics (PD) of SJG-136.
Patients and Methods

Patient selection
Adult subjects were eligible to participate if they had histologically confirmed solid tumor malignancy that was metastatic or unresectable and for which standard curative or palliative measures did not exist or were no longer effective. Subjects must have recovered from acute adverse effects from prior therapies, have an Eastern Cooperative Oncology Group (ECOG) performance status (PS) of 1 or less and life expectancy over 3 months. Additional eligibility criteria included (a) adequate bone marrow function (a white blood cell count !3.0 Â 10 9 /L, absolute neutrophil count !1.5 Â 10 9 /L, platelets !100 Â 10 9 /L; (b) adequate hepatic function (total bilirubin level within the upper limit of normal; aspartate aminotransferase, alanine aminotransferase, and alkaline phosphatase 2.5 times the upper limit of normal); (c) adequate renal function (creatinine 1.5 mg/dL or calculated creatinine clearance of 60 mL/min by Cockcroft-Gault method); (d) negative serum pregnancy test; and (e) a signed Institutional Review Board-approved consent form. Women of child-bearing potential and men had to use adequate barrier contraception.
Excluded were subjects with uncontrolled illness, including ongoing or active infection, HIV, symptomatic congestive heart failure, unstable angina pectoris, cardiac arrhythmia, or psychiatric illness/social situations that would limit compliance with study requirements. Patients were prohibited from study if they had chemotherapy or radiotherapy within 4 weeks (6 weeks for nitrosoureas or mitomycin C) before entering the study or those with residual adverse events due to agents administered more than 4 weeks earlier. Patients were not allowed to receive any other investigational agent while on SJG-136.
Trial design, dose escalation, and modification
Schedule A. SJG-136 was given on a daily 5Â schedule every 21 days. An accelerated titration design was used to minimize potential exposure to low drug levels (8) 
Drug formulation and administration
SJG-136 (NSC 694501, lot LJ1-122-1) was obtained under contract with the NCI Pharmaceutical Management Branch (Bethesda, MD). SJG-136 was supplied in solution (10 mg/mL, each mL containing 47.1 mg of dimethylacetamide). The drug was infused intravenously over 20 minutes, followed by 20 mL of 5% dextrose solution.
Patient evaluation
Dose-limiting toxicity (DLT), assessed by the NCI Common Toxicity Criteria (CTC version 3.0), was defined as suspected drug toxicities during cycle 1 of therapy, including grade 4 neutropenia lasting for more than 5 days, grade 3-4 neutropenia associated with a fever of 38. 5 C or higher, documented infection associated with grade 3-4 neutropenia, grade 4 thrombocytopenia, grade 3 thrombocytopenia with bleeding, grade 3-4 nonhematologic toxicity (excluding nausea, vomiting, or diarrhea that was not treated with appropriate supportive measures), and inability to initiate cycle 2 within 2 weeks of scheduled treatment due to slow recovery from drug-induced toxicities.
Tumor response was assessed by RECIST criteria, measuring changes in only the largest diameter of the lesions (9) . Measurements were taken by conventional techniques (computed tomography, MRI, X-ray).
Pharmacokinetic analysis
Serial blood samples were collected before the start of infusion, during the infusion at 10 minutes, and at the end
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of infusion at 20 minutes, followed by 22, 25, 30, 50, 65, 80, 110, 130, and 260 minutes after SJG-136 administration on days 1 and 5 of cycle 1 for schedule A, and on days 1 and 3 of cycles 1 and 2 for schedule B. The samples were centrifuged immediately after collection at 5,000 Â g for 3 minutes at 4 C. The plasma was separated and stored at À80 C pending analysis. SJG-136 plasma concentration levels were determined by liquid chromatography-tandem mass spectrometry analysis (10) . Noncompartmental PK analyses were conducted by the WinNonlin software package, version 4.1 (Pharsight Corp.). The area under the plasma concentration-time curve (AUC) was estimated by combining the AUC from time 0 to 4 hours (AUC 0-4h , calculated by the linear trapezoidal method) and the remaining AUC from 4 hours to infinity (AUC 4h-¥ , calculated by extrapolation of the loglinear terminal phase). Total clearance (CL) and volume of distribution at steady state (V ss ) were calculated as follows:
Pharmacodynamic analysis: determination of DNA interstrand cross-linking
Peripheral blood mononuclear cells (PBMC) were collected from the patients enrolled on schedule B prior to the first and third doses of SJG-136 during cycles 1 and 2. The formation of DNA interstrand cross-links was measured by a modification of the Single Cell Gel Electrophoresis (Comet) assay as described previously (5, 7, 11) . DNA cross-linking in PBMC samples following SJG-136 dosing was expressed as the percentage decrease in tail moment (% DNA in tail Â tail length) compared to the baseline value obtained before the first dose in cycle 1. The greater the percentage decrease in tail moment, the greater the level of DNA interstrand cross-linking.
Results
Characteristics of patients
In schedule A, 7 patients were enrolled at doses of 6 to 48 mg/m Table 1 .
Toxicity Table 2 and Supplementary Table S1 list suspected drugrelated adverse events including NCI-CTC grades on schedules A and B, respectively. Initially, SJG-136 was administered daily for 5 days every 21 days with dose escalation of 6, 12, 24, and 48 mg/m 2 /d (schedule A). DLTs during cycle 1 included soft tissue edema, fatigue, and dyspnea. Similar toxicities occurred during cycle 2 in 2 patients treated at the 24 mg/m 2 /d dose level. These episodes were preceded by a precipitous drop in serum albumin without proteinuria. Most symptoms resolved over 2 to 3 weeks following discontinuation of SJG-136 and aggressive diuresis with spironolactone. Other non-DLTs included delayed increases in transaminases (grade 2-4), alkaline phosphatase (grade 2), and myalgias (grade 2). No significant myelosuppression was observed. Although MTD was not achieved as defined in the protocol, the development of intolerable fluid retention necessitated a change in the study regimen to schedule B as it was difficult to give repeated cycles of therapy.
On schedule A, only 3 patients were evaluable for toxicities in cycles 2 through 4. Patients receiving SJG-136 at the doses of 6 and 48 mg/m 2 /d did not get more than 1 cycle. In 1 patient, on 24 mg/m 2 /d, the onset of grade 3-4 elevation of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and alkaline phosphatase was delayed 60 days after the last dose and lasted 3 months.
Because of observed toxicities, a more conservative approach to dose was adopted (20, 25, 30, and 35 mg/m 2 /d for 3 days every 21 days; schedule B), along with steroid premedication, and early diuretic treatment. DLTs during cycles 1 and 2 included edema, fatigue, dyspnea, hypophosphatemia, and elevated ALT and alkaline phosphatase. Two patients at the dose level 35 mg/m 2 /d experienced DLTs within first cycle of therapy, making further dose escalation unsafe. The delayed grade 4 liver toxicity did not recur, possibly because of dexamethasone pretreatment, and edema was manageable with spironolactone. Again, no significant myelosuppression was observed. Five patients were evaluable for toxicity in subsequent cycles. Dyspnea was the only grade 3 toxicity experienced during cycles 3 through 6.
Pharmacokinetic analysis
For schedule A, the PK parameters following the intravenous administration of SJG-136 on days 1 and 5 during cycle 1 were obtained for 7 patients (Supplementary Table S2 ). The plasma concentrations of SJG-136 at all dose levels were above the limit of quantification (0.056 ng/mL) with no signs of accumulation after multiple dosing. Considerable interpatient variation occurred. Following the first dose (C1D1), a dose-dependent increase in the systemic exposure to SJG-136 was observed, as represented by C max and AUC, although the systemic exposure at 48 mg/m 2 /d seems to be lower than expected (Fig. 1 , open symbols; Supplementary Table S2 ). At the 6 and 12 mg/m 2 /d dose levels, the PK parameters were comparable following the first and fifth doses of SJG-136 (C1D1 vs. C1D5). However, for patients treated at 24 and 48 mg/m 2 /d dose levels, the PK parameters on C1D5 showed more variability than those on C1D1 (Fig. 2A) .
For schedule B, the PK parameters were obtained on days 1 and 3 during cycles 1 and 2 for 13 patients ( Table 3) . The systemic exposure to SJG-136 (assessed by AUC and C max ) following the first dose (C1D1) showed a dosedependent increase (Fig. 1, closed symbols; Table 3 ). Substantial differences in the PK parameters were observed following the first and third doses during cycle 1 (C1D1 vs. C1D3). In 3 of 5 patients treated at the 30 mg/m 2 /d dose level, the AUC and C max values on C1D3 were lower (up to 52%) than those on C1D1. Conversely, the V ss values on C1D3 were greater (up to 150%) than those on C1D1. These changes in the PK parameters during cycle 1 seems to be reversible in that the PK parameters following the first dose during cycle 2 (C2D1) were comparable to those obtained on C1D1 (Fig. 2B) . Similar to the results in cycle 1, the repeated dosing of SJG-136 during cycle 2 led to substantial changes in the PK parameters (Fig. 2B) .
Pharmacodynamic analysis
The formation of DNA interstrand cross-links in PBMC samples obtained from patients in schedule B was measured as a potential PD marker following SJG-136 administration. Control PBMC samples were collected before the SJG-136 treatment. Substantial DNA interstrand cross-linking was observed before the third dose of cycle 1 (expressed as percentage decrease in tail moment), although interpatient variation occurred at different dose levels (Fig. 3A) . The extent of these cross-links correlated better with the systemic exposure to SJG-136 as assessed by AUC inf or C max than with the dose levels (P ¼ 0.008 and P ¼ 0.035, respectively; Fig. 3B and C) . The cross-links were still detected prior to cycle 2, indicating persistence of the lesions (data not shown).
Antitumor activity
No objective responses were observed on schedule A. However, 2 patients with heavily pretreated colorectal cancer achieved stable disease (SD) by radiographic criteria, accompanied by 25% to 30% decreases in carcinoembryonic antigen. One patient with malignant melanoma had SD lasting for 3 months.
On schedule B, 1 patient with ovarian carcinoma pretreated with carboplatin/paclitaxel and doxorubicin achieved confirmed partial response (PR) lasting 8 months Supplementary Fig. S2 ). At the same dose, a patient with poorly differentiated carcinoma of unknown primary cancer achieved an unconfirmed PR. SD of more than 12 weeks was observed in 1 patient each with small cell lung carcinoma and bladder carcinoma. At the dose of 20 mg/m 2 /d, 1 patient with leiomyosarcoma had SD for 18 weeks.
Discussion
Although many available DNA-interactive agents can effectively treat some cancers, most patients with advanced solid tumors develop resistance to chemotherapy because of the ability of cancer cells to repair or tolerate the sustained DNA damage. Development of agents with different mechanisms of action is thus essential for improvement of the outcomes for patients. SJG-136 is a sequence-selective DNA cross-linking agent derived from naturally occurring antibiotics found in various Streptomyces species. Compared with adducts formed by other DNA-interacting agents, such as platinum agents, the DNA cross-links formed by SJG-136 seem to be more resistant to recognition and repair by DNA repair enzymes (3, 5) . Here we have identified the MTDs and DLTs for SJG-136 administered intravenously on 2 different dosing schedules in patients with advanced cancer. Recently, a phase I study evaluated SJG-136 in patients with advanced solid tumors by a 3-weekly schedule (7). Significant toxicities observed at each dose level (30-240 mg/m 2 ) included vascular leak syndrome, liver toxicity, and fatigue, and generally occurred with delayed onset and increasing severity with following cycles. Subsequent dose reduction to 45 mg/m 2 and implementation of steroid pretreatment did not resolve this issue. Despite few cases of SD observed in the study, an alternative dosing schedule was needed for further development of SJG-136 (7).
In this study, an accelerated titration design was used to limit the number of patients exposed to potentially toxic and ineffective doses (schedule A). With 7 patients enrolled, we were able to identify DLTs and observe PK differences associated with repeated SJG-136 dosing. In contrast to animal studies, the DLTs in humans did not include myelotoxicity or gastrointestinal toxicity, but rather delayed onset of edema, liver toxicity, dyspnea, fatigue, and hypoalbuminemia. The urinary analysis did not reveal any signs of proteinuria. An alternative etiology for the hypoalbuminemia may be that the third-spacing of fluid was accompanied by albumin escape into the tissues.
On the basis of these results and poor tolerability on daily 5Â schedule, SJG-136 was administered on a shortened schedule of daily 3Â dosing and a more conservative dose escalation (schedule B). With 16 patients enrolled, the MTD of SJG-136 was 30 mg/m 2 /d. The DLTs were similar to schedule A, including edema, fatigue, dyspnea, and elevations in liver transaminases and alkaline phosphatase; however, their severity was manageable, in part by steroid premedication. To manage the edema, early diuretic therapy was required. The traditionally used loop diuretic, furosemide, was ineffective in this study. Spironolactone was chosen on the basis of resemblance of the symptoms with anasarca usually experienced by patients with liver disease.
The PK analyses indicated dose-dependent increases in the systemic exposure of SJG-136 after the first course in both schedules A and B ( Fig. 1 ; Table 3; Supplementary  Table S2 ). Consistent with these findings, the apparent CL values were comparable across differing SJG-136 dose levels. At the MTD level, repeated SJG-136 dosing during cycle 1 leads to substantial, but reversible, decreases in the systemic exposure to SJG-136, and increases in the V ss values. These PK parameter changes were consistent with increases in extravasation of fluid, weight gain, and hypoalbuminemia. In most patients, the changes in the SJG-136 PK parameters occurred in advance of the clinical onset of edema. We cannot exclude a possibility that other factors (e.g., drug metabolism, protein binding) may contribute to the PK changes at the subsequent SJG-136 doses. However, a previous study found that SJG-136 undergoes little metabolism, is mainly bound to serum albumin ($90%), and does not bind to glycoprotein (12). By a modification of the Comet assay, we found that the DNA cross-linking caused by SJG-136 in PBMCs prior to dose 3 of cycle 1 correlated with the systemic exposure assessed by AUC inf or C max ( Fig. 3B and C) . The cross-links were detected in PBMCs prior to dose 1 of cycle 2, indicating a prolonged effect and incomplete repair and removal of the DNA cross-links over time. These data confirm the induction and persistence of the DNA damage caused by SJG-136, supporting the hypothesis of the formation of structurally nondisruptive adducts that are capable of eluding the DNA surveillance and repair mechanisms. The formation of DNA damage was confirmed in the samples obtained from 2 tumor biopsies of patients treated with SJG-136 (7). Evidence of DNA damage was also observed by g-H2AX foci induction in all lymphocyte samples following drug treatment in this study (data not shown). The demonstration of the correlation between DNA adduct formation in PBMCs and in tumor tissue would provide a noninvasive approach for predicting response to therapy.
No objective response was observed on schedule A. However, at the MTD on schedule B there was 1 confirmed PR (platinum-resistant ovarian cancer), 1 unconfirmed PR (poorly differentiated carcinoma), and 2 patients with SD lasting more than 12 weeks (small cell lung carcinoma and bladder carcinoma). One patient with leiomyosarcoma had prolonged SD at 20 mg/m 2 /d. The antitumor activity observed at the higher doses correlated with detection of DNA cross-links in PBMCs, as well as systemic exposure to SJG-136.
On the basis of these results, a phase II trial of SJG-136 is being planned in platinum resistant or refractory ovarian carcinomas. It will estimate overall response rate to SGJ-136 at the MTD determined in this study and determine other parameters of efficacy, including progression-free survival, overall survival, and time to progression. Response rates will be correlated with the degree of DNA cross-linking in PBMCs and tumor cells. 
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